ABSTRACT: An efficient and transition-metal-free method is presented to access tertiary alkyl aryl ethers by arylation of tertiary alcohols with ortho-substituted diaryliodonium salts. The scope covers cyclic and acyclic aliphatic, benzylic, allylic, and propargylic tertiary alcohols as well as primary and secondary fluorinated alcohols. The methodology gives access to alkyl aryl ethers of previously unprecedented steric congestion. Furthermore, the versatility of the developed procedure was demonstrated by arylation of the pro-drug mestranol.
T he synthesis of ethers and functionalization of alcohols are broad research areas due to the prevalent occurrence of these compound classes as both starting materials and products in Nature and pharmaceuticals. However, traditional methods for synthesis of alkyl aryl ethers are all associated with difficulties, and the arylation of tertiary alcohols with electron-rich or sterically hindered arenes to obtain highly sterically hindered ethers is severely limited (Scheme 1a). 1 Among the methods based on arylation of alcohols, S N Ar reactions can be used. 2 The method tolerates sterically congested alcohols as well as orthosubstituted arenes, but the scope is limited to arenes activated by electron-withdrawing groups. Another approach is via aryne-type intermediates, which generally suffer from regioselectivity issues and the lack of bis-ortho substituent patterns. 3 While some transition-metal-catalyzed methodologies are compatible with tertiary alcohols, the combination of such substrates with orthosubstituted aryl groups remains difficult, and examples with bisortho-substituted aryl groups are lacking. 4 Furthermore, these methods usually require high temperatures and have problems associated with remaining traces of transition metals.
Alternatively, Mitsunobu-type reactions can be applied, which are limited by steric bulk on the alcohol and by the formation of waste.
5 Addition to alkenes is another strategy to obtain sterically hindered alkyl aryl ethers. Such reactions require transition metals or acidic conditions and are usually intramolecular. 1a,6 Development of new methodologies is hence required to obtain highly sterically congested aryl ethers.
Diaryliodonium salts are reactive, electrophilic arylation reagents that have been utilized to arylate a wide range of nucleophiles in recent years. 7 Many developed methodologies for O-arylation with these hypervalent iodine reagents have a broad scope, both in terms of nucleophiles and aryl groups. However, the formation of alkyl aryl ethers from aliphatic alcohols has proved problematic and sensitive to steric hindrance. 8 While primary alcohols react well, and secondary alcohols with some limitations, there are only two reported examples with tertiary alcohols, using an electron-withdrawing nitro group on the diaryliodonium salt to facilitate the reaction.
8d,e Arylation of aliphatic alcohols with electrondonating diaryliodonium salts has also been challenging and often results in complex mixtures due to aryne formation. 9 Our research group has had a long-term interest in the synthesis and applications of diaryliodonium salts, 10 and we set out to develop a methodology that enables synthesis of sterically congested alkyl aryl ethers by arylation of tertiary alcohols with ortho-substituted diaryliodonium salts (Scheme 1b).
As a model reaction, the arylation of tert-butoxides (t-BuOZ) with dimesityliodonium salts (Mes 2 IX, 1a) to reach mesitylated ether 2a was initially screened (Table 1) . To our delight, 2a was formed in good yield at room temperature.
11 Such an electronrich and sterically hindered aryl group has not previously been transferred to an aliphatic alcohol using diaryliodonium salts. 12 The cation Z markedly influenced the outcome, and t-BuOLi was considerably inferior to t-BuOK and t-BuONa (entries 1−3). The solvent had a major impact on the reaction (entries 1, 4−7), and the nonpolar solvent pentane was selected for further screening (entries 7−15).
The same cation trend was observed in pentane (entries 7 and 8), and product formation in reactions with t-BuOLi was enabled by increasing the temperature and decreasing the concentration (entry 9). 11 The tetrafluoroborate salt 1a-BF 4 proved as efficient with t-BuONa, providing 2a in 73% yield (entries 7 and 10). Ether 2a was obtained in 91% yield within 1 h when 2 equiv of tBuONa was employed (entry 11). This efficiency was also observed with other anions X (entries 12−13), although the triflate salt worked best with t-BuOK (entries 14 and 15). Presently, we have no explanation for the observed ion effects.
The chemoselectivity in reactions with unsymmetric diaryliodonium salts was investigated with salt 1b having a trimethoxyphenyl (TMP) ligand as "dummy group" (Scheme 2). The reaction was performed on a 5 mmol scale without detectable transfer of the TMP group, delivering 2a in high yield with TMP-I as the easily isolable iodoarene. Salts with the TMP dummy group are efficiently synthesized and have previously been reported as highly chemoselective. 13 In the present reaction, the advantage of using 1b over mesityl salt 1a resides in the facile separation of TMP-I from the product.
The arylation scope was screened with various orthosubstituted symmetric and unsymmetric diaryliodonium salts with 3 h reaction time to ensure full conversion into the tert-butyl aryl ethers 2 (Scheme 3).
14 The mesitylated product 2a was synthesized using either salt 1a or 1b, with 1b proving slightly better. 2,6-Dimethyl product 2b was formed with similar efficacy. Halide substituents were well tolerated, and bromo ether 2c was efficiently obtained using an unsymmetric TMP salt (1c) that chemoselectively transferred the more electron-deficient aryl group in high yield.
Likewise, the 2,6-dichloro-substituted product 2d was formed in excellent yield. To show the versatility of the reaction, we synthesized ether 2e, carrying three different halides suitable for further transformations, using an unsymmetric salt with a mesityl dummy group. While Stuart and co-workers have used the mesityl group as a dummy ligand for the arylation of secondary alcohols, 8e we obtained a separable mixture of ethers under our reaction conditions. 11 Nitro-substituted ether 2f was formed in higher yield than with our previous methodology, 8d illustrating that the present conditions are preferable also with reactive, electron-deficient diaryliodonium triflates.
The arylation of a range of tertiary alcohols 3 was subsequently investigated (Scheme 4a). 2-Phenylpropan-2-ol was selected as model substrate, and a brief screening of bases revealed that NaHMDS was best. With this base, the mesitylated product 4a was easily isolated in high yield, without the need for excess reagents. 11 The dichloro-substituted ether 4b was formed in equally good yield, despite the acid-sensitive nature of this compound. The unsymmetric, bromo-substituted salt 1c displayed the same high degree of chemoselectivity as before, delivering ether 4c in high yield.
Several different alcohols were then screened. To our delight, the highly sterically hindered substrate 1,1-diphenylethan-1-ol smoothly delivered the ether product 4d. Reactions with triphenylmethanol, with further increased steric congestion, failed to give any desired product. 1-Methylcyclohexanol was mesitylated to 4e in moderate yield with salt 1b; the isolated yield increased to 59% using salt 1a. Furthermore, severely sterically hindered acyclic alcohols underwent the reaction with ease, delivering 4f,g in good yields. A tertiary allylic alcohol was also well tolerated, delivering the mesitylated product 4h.
Propargylic alcohols are an interesting class of alcohols that can undergo a large set of transformations. Propargyl aryl ethers are usually synthesized by substitution reactions using a phenol as the nucleophile. 15 The formed ethers can be ring-closed to give chromenes, which are precursors to biologically active coumarins. 16 Primary propargylic alcohols were recently arylated with diaryliodonium salts. When tertiary propargylic alcohols were subjected to our optimized conditions, the arylated products 4i−l were obtained in high yields. The reaction could easily be scaled up to 2 mmol with maintained yield and excellent chemoselectivity (4k). Notably, even the highly sterically congested triisopropylphenyl group was efficiently transferred to give product 4l in good yield. This further demonstrates the usefulness of diaryliodonium salts as group-transfer reagents of highly sterically hindered aryl moieties. Protection of the alkyne was not necessary, hence allowing for further transformations in a straightforward fashion. Another advantage with this methodology to obtain propargyl aryl ethers, compared to substitution reactions, is that the stereochemistry is retained. 8d,10b We briefly investigated the arylation of the propargylic alcohols with unhindered, para-substituted diaryliodonium salts. Reactions with p-Br-and p-t-Bu-substituted salts afforded regioisomeric mixtures, indicating that arynes were formed as intermediates.
9a,d To our delight, the CF 3 -substituted ether 4m
and the nitro-substituted 4n were obtained with complete regioselectivity, highlighting that electron-deficient, unhindered diaryliodonium salts are suitable for arylation of tertiary alcohols. Internal alkyne substrates derived from alkynylation of ketones were also suitable substrates, delivering 4o,p.
Having achieved the goal of developing methodology for arylation of tertiary alcohols, we applied the optimized conditions to primary and secondary alcohols. While benzyl alcohol and 1-phenylethanol performed poorly, alcohols with lower pK a were well tolerated (Scheme 4b). Trifluoroethanol was mesitylated to give 4q and bromomesitylated to give 4r in good yield with excellent chemoselectivity. Likewise, 2-hexafluoropropanol underwent the reaction smoothly, allowing efficient access to ether 4s. Facile functionalization of this fluorinated substrate class could be of high interest, for example, in the pharmaceutical industry.
Derivatization of complex alcohols provides novel products with potentially interesting biological properties. Arylation of the pro-drug mestranol was hence undertaken as a proof of concept of the sterical bulk tolerated in the methodology. Under the standard reaction conditions, the mesitylated ether 4t was isolated in 64% yield (Scheme 5).
To conclude, transition-metal-free methodology to access sterically hindered alkyl aryl ethers by arylation of tertiary alcohols with ortho-substituted diaryliodonium salts has been developed. The substrate scope includes cyclic, acyclic, propargylic, and allylic alcohols. The methodology has been extended to arylation of fluorinated primary and secondary alcohols and to arylations with electron-deficient parasubstituted diaryliodonium salts. The straightforward derivatization of the pro-drug mestranol illustrates the utility of the presented methodology. A detailed mechanistic study of Oarylations with diaryliodonium salts is currently ongoing in our laboratory to understand the limitations in reactions with orthounsubstituted electron-rich diaryliodonium salts.
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